INTRODUCTION
Heredopathia atactica polyneuritiformis (HAP, Refsum's disease) (1) has been shown to be an inherited lipid storage disease in which large amounts of an unusual fatty acid, phytanic acid (3, 7, 11, 15-tetramethylhexadecanoic acid), accumulate in all body tissues (2, 3) . The clinical manifestations have been recently reviewed (4) (5) (6) . The accumulation of phytanic acid has been shown to be due to a defect in its catabolism (5, (7) (8) (9) .
A major pathway of phytanic acid metabolism has recently been elucidated in animal studies (10) (11) (12) , and the occurrence of this pathway in man has been confirmed in tissue cultures of skin fibroblasts (12, 13 ). These findings have made possible an investigation of the specific site of the defect in this disease. In the current studies, patients with HAP have been studied to compare their oxidative capacity for phytanic acid, a-OH-phytanic acid, and pristanic acid (2,6,10,14-tetramethylpentadecanoic acid) with that of controls. Preliminary reports of some of these results have appeared elsewhere (14) (15) (16) .
METHODS
Two of the patients with HAP studied here in the Clinical Center (K. S. and J. S.) are a brother and sister from Northern Ireland who were transferred to the NIH through the cooperation of Dr. J. H. D. Millar. Their case histories have been presented in detail elsewhere (5, 17) . A third HAP patient (M. G.) was studied in the research unit of Dr. Philippe Laudat at the Institute National de la Sante et de la Recherche Medicale in Paris. Her clinical features have been reported by Bonduelle et al. (18) . The control subjects studied in the Clinical Center were normal volunteers except for one patient with type IV hyperlipoproteinemia in whom palmitate oxidation was studied.
D,L-phytanic acid-U"C (SA = 17 A&c/,umole; radiopurity > 98%o) and D,L-pristanic acid-U->C (SA = 4.5 ,uc/,Lmole; radiopurity > 97%) were prepared from algal phytol-U-14C and purified by preparative gas-liquid chromatography (GLC) as described previously (13, 19) . The synthesis of D,L-a-hydroxy-D,L-phytanic acid-U-14C from D,L-phytanic acid-U-'4C has been previously described (12) and is discussed in detail in the accompanying paper (13) . The methyl ester of the D,L-a-hydroxy-D,L-phytanic acid-U-"C was collected from the single mass peak found on preparative GLC (14%o ethylene glycol succinate [EGS] ) and shown to be 96%o radiopure (SA = 6.9 /Ac/.umole). The two isomeric fractions resolved by thin-layer chromatography (TLC) are inferred to represent, respectively, a mixture of 2D, 3L plus 2L, 3D, and a mixture of 2D, 3D plus 2L, 3L (13) . Palimitic acid-1-'4C was purchased from the New England Nuclear Corp., and was at least 98% radiopure by GLC. Radioactive fatty acids were prepared as potassium salts and adsorbed to human serum albumin. The preparations were passed through a Millipore filter and checked for sterility and freedom from pyrogens before use.
The patients were fasted for 12-16 hr before injection of labeled fatty acids, and food was withheld for the 1st 3 hr after injection. Patients receiving labeled branched-chain fatty acids were placed on a low-phytol, low-phytanic acid diet for 24 hr before the study and for at least 2 days thereafter.
The labeled fatty acids were administered by rapid intravenous infusion (10-20 sec) through an indwelling catheter in an antecubital vein. Venous blood samples were withdrawn at intervals for the 1st 12 hr from a plastic catheter in the opposite antecubital vein; later samples were obtained by venipuncture. For measurements of 14CO2 production, expired respiratory gases were collected into Douglas bags over exactly measured 2-min intervals. Collections were made every 30 min for the 1st 2 hr, then hourly to 6 hr, and subsequently every 2 hr to 12 hr. Total urine and fecal collections were usually made for at least 4 days. The methods of analysis of plasma and fecal lipid radioactivity, total urinary radioactivity, and radioactivity in respiratory C02 have been described (9, 21) .
RESULTS
"4CO* production after intravenous injection of U-`4C-labeled fatty acids (Fig. 1) . Phytanic acid was rapidly oxidized by normal controls, 26% of the dose on the average (range 13-39%) being converted to "CO2 in 12
hr. In sharp contrast, the three patients converted only 0.9% (0.2-2.1%) of the dose to 14CO2. The time course of 14CO2 production in two patients and in four controls is shown in Fig. 2 (18) and with high plasma phytanate levels (10-13% of total fatty acids), was studied in collaboration with Dr. Philippe Laudat at the Institut National de la Sante et de la Recherche Medicale in Paris. She oxidized 2.1% of the intravenous dose of phytanic acid-U-1'C in 12 hr.
Pristanic acid was oxidized to 14COs by two normal controls at rates comparable to those observed for phytanic acid, 28 and 33% in 12 hr (Fig. 1) . The corresponding values in K. S. and J. S., 17 and 19%, were somewhat lower but the significance of the difference remains uncertain with the limited data available. In the context of the present studies, it is important to note particularly the relative rates of phytanate and pristanate oxidation. In normal subjects, the rate of phytanate oxidation was 82% of that of pristanate, whereas in the HAP patients it was only 3.3%.
a-hydroxyphatanic acid-U-"C was resolved by TLC into two isomeric mixtures (see Methods), and the rates of oxidation of the labeled material in the upper and lower bands were studied separately (Table I ). Both in controls and patients, the material in the upper band was oxidized about 50% more rapidly than that in the lower band. Similar relative rates of oxidation of upper and lower bands have been observed also in human fibroblast cultures (13) and in isolated rat liver mitochondria.' Both in patients and in controls, hydroxyphytanate was oxidized less rapidly than pristanate (Fig. 1 ). Since the rate of oxidation of the two isomeric mixtures, relative to each other, were the same in controls and in patients, the results have been combined in Fig. 2 . Again, the most relevant comparison may be between the rates of phytanate and hydroxyphytanate oxidation. In normal subjects, pooling all the data, the rate of phytanate oxidation was 162% that of hydroxyphytanate oxidation; in the HAP patients it was 6%. Separate consideration of the results obtained with the individual isomeric does not alter the fundamental point: whereas phytanate oxidation was grossly impaired, hydroxyphytanate oxidation was only modestly impaired in the patients. Palmitic acid was oxidized at the same rapid rate by both patients and controls (Fig. 1) . The patients appear to have no block in the catabolism of straight-chain fatty acids.
Decay of plasma radioactivity after intravenous injection of U-WC-labeled fatty acids ( Fig. 3 and Table II) . The decline in total plasma lipid radioactivity during the 1st 10 min after injection of albumin-bound phytanic acid-U-"C is shown in Fig. 3 . Subfractionation showed that over 90% of the total plasma radioactivity was still in the free fatty acid (FFA) fraction at the end of 15 min. The initial rate of decay of free phytanate radioactivity was first-order and essentially the same in three normal subjects and in the two patients (K. S. and J. S.), the apparent half-life of disappearance calculated from the initial slope being approximately 6 min. The initial rates of removal for pristanic acid and palmitic acid were again comparable in patients and controls ( Fig. 3) , half-life of disappearance being 2-3 min.
Thus the values found for ti of palmitate were comparable to those previously reported by others, and pristanate disappeared at a similar rapid rate. However, phytanate clearly disappeared more slowly both in controls and in patients (Table II) . Both in normal controls and in patients, lipid radioactivity appeared in ester form within a few hours after injection of labeled phytanate. In normal controls, this lipid ester radioactivity disappeared quite rapidly, falling to undetectable levels within 5-7 days. In the patients, on the other hand, lipid ester radioactivity disappeared much more slowly, some radioactivity being demonstrable as long as 130 days after injection (Fig.  4) . The semilogarithmic plot shows that the disappearance curve was roughly linear between 30 and 120 days, After injection of pristanate-"C, lipid radioactivity disappeared rapidly from the plasma of both controls, falling to barely detectable levels within 5 days. The late time course of plasma lipid radioactivity was studied in one patient (K. S.) and showed persistence of significant levels for at least 4 days. Taken together with the lower yield of "CO2 obtained from pristanate, these data suggest that the patients do indeed metabolize pristanate somewhat more slowly than do the controls.
Early incorporation of phytanic acid-U-J4C into plasma lipid esters. The distribution of radioactivity among the various major lipid classes in plasma was determined at intervals during the 1st 4 hr after injection of phytanate in one of the HAP patients (J. S.). As FFA radioactivity declined, the largest and most rapid incorporation occurred into the triglyceride fraction. The radioactivity in phospholipids during the 1st 4 hr never accounted for more than 5% of the total; that in cholesterol esters never exceeded 10% of the total. Radioactivity was also incorporated into an as yet unidentified TLC component migrating with a polarity intermediate between that of cholesterol and free fatty acids. At 4 hr, the radioactivity in this component, currently under further study, accounted for 16% of the total plasma lipid radioactivity.
Urinary and fecal radioactivity after intravenous injection of '4C-labeled fatty acids. Total and ether-extractable urinary radioactivity was measured in normal subjects and in patients given intravenous phytanic acid-U-"C or pristanic acid-U-14C. The rate of appearance of radioactivity in the urine was maximal at 6-8 hr after injection, and significant radioactivity continued to be excreted for 12-24 hr. After the first day, urinary excretion fell to negligible levels in all cases (less than 0.1% of injected dose per 24 hr).
The total urinary radiactivity appearing in the 1st 24 hr is shown in Table III . Only a very small fraction of the injected dose appeared in the urine, less than 6%. The yield of urinary radioactivity in the patients appeared to be distinctly below that in the normal controls. Of the total radioactivity appearing in the urine, less than 5% was extractable from acidified urine into ether; the remainder was in water-soluble products not yet identified. Thus, only a small fraction of the urinary radioactivity could have been due to unchanged radioactive phytanic acid.
After intravenous injection of pristanic acid-U-14C, a somewhat larger fraction of the dose appeared in the urine (Table III sults are consistent with those previously obtained in two other HAP patients using orally administered phytol-U-"C, a precursor of phytanic acid (7, 9) .
The interpretation of the comparative data on phytanate-14C oxidation in controls and patients is complicated because the patients have large endogenous stores of unlabeled phytanate that could dilute the injected radioactivity. Several lines of evidence suggest, however, that the extremely low 14CO2 output is not primarily due to such an effect. In the course of the present studies, the opportunity arose to check for possible effects of the patient's endogenous pool size. As reported previously (20) , treatment with a diet low in phytol and phytanic acid causes the plasma phytanate levels in patients with HAP to fall progressively. Similar diet treatment in patients J. S. and K. S. during the present admission decreased phytanate levels to less than 50% of the initial values.2 Furthermore, analysis of adipose tissue biopsies in one patient (K. S.) showed that tissue stores were also reduced (by approximately 40%). Fractional oxidation of phytanate-14C was redetermined after these reductions in blood and tissue stores had been effected and was found to be, if anything, smaller on the repeat determination. A second line of evidence against a major dilutional effect comes from studies in experimental animals previously reported (19) . It was shown that the fractional oxidation of intravenously injected phytanic acid-U-"C was comparable in control rats and in rats on a phytol-rich diet. The latter accumulate large endogenous stores of phytanic acid (15-20% of total fatty acids in blood and liver), relative concentrations approaching those reported in patients with HAP. Nevertheless, the fractional oxidation of phytanate was not depressed. Finally, tissue culture studies provide an independent demonstration that oxidation is drastically impaired in fibroblasts derived from skin biopsies of the three HAP cases reported here even though in culture they contain no abnormal stores of phytanic acid (13, 14) .
In considering this potential problem of isotopic dilution, it is important to note that much of the '4CO2 production during the early hours after intravenous administration of the free fatty acid may be occurring before very much dilution into lipid ester stores can occur. In the present studies, the rate of 14CO2 production reached a peak in the 1st 30-60 min after injection. (21, 22) .
If oxidation of phytanate in man proceeds, as it does in animals (10) (11) (12) , primarily by way of a-hydroxyphytanate and pristanate as intermediates, we can conclude that the metabolic error in HAP lies in the alphahydroxylation step. On the basis of indirect studies and studies using model compounds it has been suggested that phytanate might be handled by omega oxidation or by a pathway involving C02 fixation (23) (24) (25) (26) . However, there is no direct evidence for such alternative pathways, certainly not for any major role for them. In view of the evidence available, we interpret the present results as indicating a primary metabolic error involving alphahydroxylation.
Stokke and coworkers, using model branched-chain compounds related in structure to phytanate, have presented evidence for alpha oxidation of them in animals and in man (26) (27) (28) (29) (30) and deficient alpha oxidation of them in HAP patients (27, 30) . Until more is known about the substrate specificity of the enzymes involved in alpha oxidation of branched-chain acids, these indirect results should not be extrapolated to apply to phytanate. This is especially the case since the same group of investigators has shown that omega oxidation and alpha oxidation of the model compounds themselves is apparently suppressed in HAP patients when their phytanate levels are high but less so when they are low (30, 31 In the present studies the patients showed a decreased ability to convert radioactive phytanic acid to urinary metabolites. Over 95% of the labeled metabolites were water soluble, representing degraded substrate rather than intact phytanate. Because the fraction of the administered dose excreted in the urine was so low, a significant part of the radioactivity in the urine could have arisen from radioimpurities in the injected phytanic acid.
HAP patients do appear to retain some ability to dispose of phytanic acid. This is evident, first, from the fact that they apparently reach a more or less steadystate level of plasma and tissue phytanate despite continued ingestion of phytanic acid and phytol in their regular diets over many years. Their plasma and tissue levels fall when the dietary load is reduced (20 present studies with intravenously administered phytanic acid-U-m'C, in previous studies with orally administered phytol-U-14C (7, 9) , and in experiments with fibroblast cultures (13, 14) , a very low but still measurable amount of 'CO2 was produced; in all these studies, however, less than 5% of the administered substrate was converted to 14COi. Some of this "CO2 could possibly have arisen from radioimpurities that were not separated from methyl phytanate during the TLC and GLC purification. It is unlikely, though, that this could explain all of it since radiopurity was always at least 95%; the impurities would have had to be converted rapidly to '4CO2 and in very high yield. Excretion of lipid-soluble products in the feces does not appear to be a major pathway and no differences were noted between patients and controls. However, water-soluble degradation products (formed in the liver or during passage through the gut) were not measured. In rats with the bile duct cannulated, only 2% of an intravenously injected dose of phytanic acid appeared in the bile in 24 hr (34), including both lipid-and water-soluble products. Further studies are needed to fully assess the importance of biliary and/or intestinal secretion of phytanate or its metabolites in HAP patients.
